Evaluating Generating Functions )
for Periodic Multiple Polylogarithms L
via Rational Chen—Fliess Series
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Abstract The goal of the paper is to give a systematic way to numerically evaluate
the generating function of a periodic multiple polylogarithm using a Chen—Fliess
series with arational generating series. The idea is to realize the corresponding Chen—
Fliess series as a bilinear dynamical system. A standard form for such a realization is
given. The method is also generalized to the case where the multiple polylogarithm
has non-periodic components. This allows one, for instance, to numerically validate
the Hoffman conjecture. Finally, a setting in terms of dendriform algebras is provided.

Keywords Chen-Fliess series + Dendriform algebra - Hoffman conjecture -
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1 Introduction

Given any vector s = (sy, $2, ...,5) € N' with s; > 2 and s; > 1 for i > 2, the
associated multiple polylogarithm (MPL) of depth | and weight |s| := Z$=1 s; 1S

taken to be '
1

. t
Lis(r) := Z m, 7l < 1, (D
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whereupon the multiple zeta value (MVZ) of depth [/ and weight |s| is the value of
(1) att = 1, namely,
¢(s) := Lis(1).

Any such vector s will be referred to as admissible. The MPL in (1) can be represented
in terms of iterated Chen integrals with respect to the 1-forms wﬁ-l) =dt; /(1 —1))

and a);()) :=dt;/t;. Indeed, using the standard notation, |S¢;)| ;== s +---+s;, j €

{1,...,1}, one can show that
r /Isml=1 Isqy|—1
. _ 0) (O (O] (1)
Lls(’)—/o < [T )wlsm ( [T < )“’|sm|' @)
Jj=1 J=Isq—pl+1
For instance,

. Ydy (" dn  [" dn [P dy th
Ll(2,1,1)(1)=/ t_/ 11— / 1 —¢ / 11— Z Khoks
o nJo 2 Jo 3Jo 4 15283

ky>ky>k3>1

An MPL of depth / is said to be periodic if it can be written in the form Liy (¢),
where {s}" denotes the n-tuple (s, s, . ..,s) € N/, n > 0 with Ligp(#) := 1." In this
case, the sequence (Ligy» (¢))qen, has the generating function

ZLi(t,0) ==Y Ligge(t) ()" (3)
n=0

In general, the integral representation (2) implies that .Z; will satisfy a linear ordinary
differential equation in # whose solution can be written in terms of a hypergeometric
function [1, 4, 5, 28-31]. For example, when [ = 1 and s = (s), it follows that

d d\'"" B
<<(1—t)E)<tE> —e>z(z,e)—0, @)

and its solution is the Euler—Gauss hypergeometric function
t) ,

where @ = e™//%, a primitive s-th root of —1 [4]. By expanding this solution into a
hypergeometric series and equating like powers of 6 with those in (3), it is possible
to show, for example, when s = 2 that

—wh, —0, ..., —w¥ 19

Df(s)(t, 9) =5 FY—] ( 1.1 1

1Following other authors, {s}" = {(s1,s2,..., s;)}" will be written more concisely as
{s1,80,...,8}".
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2n

(2= ——— nx1
Qn+ 1!

®)

In a similar manner it can be shown that

27.[411

c({3. 1)) = it " >1

This method has yielded a plethora of such MZV identities [3, 4, 6, 32]. The most
general case is treated in [31], where it is shown that .7 satisfies the linear differential
equation of Fuchs type

(P, —6").%(1,0) =0, (6)

where fors = (s, 52, ...,5) € N

Py := PP,  --- P,

1

d d\%!
Psi = ((] —I)E> (IZ) .

(The conventions in [31] are to use —0 in place of 6 and ¢ in place of 1 — ¢.) In [31]
and related work [28-30], the authors develop WKB type asymptotic expansions of
these hypergeometric solutions.

The ultimate goal of the present paper is to provide a numerical scheme for
estimating .%;(z, 0) by in essence mapping the |s|-order linear differential equation
(6) to a system of |s| first-order bilinear differential equations which can be solved
by standard tools found in software packages like MatLab. Specifically, it will be
shown how to construct a dynamical system of the form

and

Z= Nozuo+ Nizu;, z(0) =2z (7a)
y=0Cgz, (7b)

which when simulated over the interval (0, 1) has the property that y(¢) = Z(t, 0)
for any value of 6 and ¢ € (0, 1). In this case, the matrices Ny and N; will depend on
0, and the initial condition zo and the input functions u¢, #; must be suitably chosen.
Such a technique could be useful for either disproving certain conjectures involving
MZVs or providing additional evidence for the truthfulness of other conjectures.
For example, one could validate with a certain level of (numerical) confidence a
conjecture of the form

t{sa}") =0"¢({sp}"), n.beN,

where s, € N, s, € N with |s,| = |s;|. Take as a specific example the known
identity
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({4 =4"c ({3, 11" (8)

for all n > 1, so that s, = (4), s, = (3, 1) and b = 4 [4]. Note that for n = 1 the
identity follows immediately from double shuffle relations for MZVs [22]. On the
level of generating functions it is evident that

Zw(1,0) = ZLI (1) (6%)" Zc({4})94"

n=0

Zan(1.3V30) = 3 Lip () (V20)) = 43 11 6.
n=0 n=0

Therefore, identity (8) implies that
La(1,0) — ZL31)(1,¥20) =0, V0 €R, ©)

a claim that can be tested empirically if these generating functions can be accurately
evaluated. The method can also be generalized to address the conjecture of Hoffman
that

¢({2)",2,2,2) +2¢({2",3,3) = ¢(2, 1, {2}, 3), (10)

for all integers n > 0, which has only been proved for n < 8 [6]. The idea here
is to admit non-periodic components in the generating function calculation. For
example, ({2}", 3, 3) can be viewed as having the periodic component {2}" and the
non-periodic component (3, 3). In the general case, say when s, := (S, {Sp}", S¢),
n > 0, the generating function is defined analogously as

Lis, s (t.0) = > Li (1) (6™1)".

n=0

Therefore, relation (10), if true, would imply that
L2221, 0) +2.L233(1,0) — Zo121.3(1,0) =0, VO eR. (11)

The basic approach to estimating .%;(z, 6) is to map a periodic multiple polylogarithm
to a rational series and then to employ well known concepts from control theory
to produce bilinear state space realization (7) of the corresponding rational Chen—
Fliess series [2, 16, 17]. The periodic nature of the MPL always ensures that these
realizations have a certain built-in recursion/feedback structure. The technique will
first be described in general, and then it will be demonstrated by empirically verifying
the identities (5), (8), and (10). It should be noted that the connection between
polylogarithms and differential equations with singularities at {0, 1, oo} has been
well studied by a number of researchers, especially, [8, 10, 19, 20]. (See, in particular,
[20, Chapter 4] and the references therein.) In addition, rational series of the type
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suitable for representing periodic multiple polylogarithms have appeared in [8, 20].
In this regard, the main contribution here is to customize these results specifically
and explicitly for periodic multiple polylogarithms and then to actually apply them
to problems like the Hoffman conjecture (10).

The paper is organized as follows. In the next section, a brief summary of rational
Chen—Fliess series is given to establish the notation and the basic concepts to be
employed. Then the general method for evaluating a generating function of a periodic
multiple polylogarithm is given in the subsequent section, which also contains in
Sect.3.3 a short digression regarding another way of looking at periodic MPLs in
terms of dendriform algebra along the lines of reference [15]. This is followed by
several examples in Sect.4. In particular, the last example shows that the Hoffman
conjecture (10) has a high likelihood of being true. The final section gives the paper’s
conclusions.

2 Preliminaries

2.1 Chen-Fliess Series

A finite nonempty set of noncommuting symbols X = {xo, x1, ..., x,,} is called an
alphabet. Each element of X is called a letfer, and any finite sequence of letters from
X, n = x; - x;, is called a word over X. The length of word n, denoted ||, is the
number of letters in 7. The set of all words with fixed length k is denoted by X*.
The set of all words including the empty word, ¢, is designated by X*. It forms a
monoid under catenation. The set nX*& C X* is the set of all words with prefix n
and suffix &. Any mapping ¢ : X* — R’ is called a formal power series. The value
of ¢ at n € X* is written as (c, n) € R? and called the coefficient of the word 7 in
the series c. Typically, c is represented as the formal sum ¢ = ZWE x+(c, mn. If the
constant term (c, ) = 0 then c is said to be proper. The collection of all formal
power series over the alphabet X is denoted by R®((X)). The subset of polynomials
is written as R®(X). Each set forms an associative R-algebra under the catenation
product.

Definition 1 Givené e X*,the corresponding left-shift operator £~' : X* — R(X)

is defined: ) )
. Jnin=E&n
i &) = { 0 : otherwise.

It is extended linearly to R ((X)).

One can formally associate with any series ¢ € R*((X)) a causal m-input, £-output
operator, F, in the following manner. Let 7y < #; be fixed, and consider a class
of locally integrable functions u = (uy,...,u,) € L’l’floc[to, t;) modulo almost-
everywhere equality with respect to the Lebesgue measure. For any compact subset
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2 = [ty, 5] C [t, t1), the usual L norm restricted to £2, denoted here by |-|I; ¢,
provides a family of seminorms on LY, [f, 71). Define inductively for each word
ne X*andu € LT, .(£2) an iterated integral by setting Ey[u] = 1 and letting

1,loc

Eylul(t) == / ui () Ex[u] (@) d, (12)

fo

where x; € X,n € X*,t € £2,and uy = 1. The input-output operator corresponding
to the series ¢ € R¢((X)) is the Fliess operator or Chen—Fliess series

Felul(t) =) (¢, n) Ey[ul(r) (13)

nex*

[17]. If there exist real numbers K., M, > 0 such that the coefficients of the gener-
ating series ¢ = Znex*(c, nn € RY((X)) satisfy the growth bound

l(c, | < KM nll, Vi e X*, (14)

then the series (13) converges absolutely and uniformly for every ¢ € §2 provided
the measure of £2 and |[ul|; , are sufficiently small [18].

In the case of polylogarithms, it is sufficient to consider the single-input, single-
output case m = £ =1 and to set fp = 0 and #; = 1. The convergence situation,
however, is a bit different: the underlying iterated integrals (12) involve the locally
integrable function u;(t) = 1/(1 —¢) on [0, 1), but the function u( is now given by
uo(t) = 1/t, which is locally integrable only on (0, 1). The growth condition (14) is
not sufficient to ensure the convergence of a Chen-Fliess series. Even rationality of the
generating series c is not sufficient as it can be shown using results from [20, Theorem
4.3.4], for example, that F,.[Lig](¢) with ¢ = Zk>0 x(ljxl and Lig(¢) :==¢/(1 —1t) is
divergent. Therefore, the convergence of (13) will have to be addressed for the
specific case of interest in the context of polylogarithms.

2.2 Bilinear Realizations of Rational Chen—Fliess Series

A series ¢ € R{(X)) is called invertible if there exists a series ¢~ € R{{X)) such
that cc™! = ¢ !¢ = 1.2 In the event that ¢ is not proper, i.e., the coefficient (c, #) is
nonzero, it is always possible to write

c=(c,H1 -,

where ¢’ € R((X)) is proper. It then follows that

2The polynomial 1 is abbreviated throughout as 1.
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c—l 1 (1 _ c/)—] — _(C/)*,

1
CY)) (. %)

where the Kleene star of ¢’ is defined by

()= ().
i=0

Infact, c € R((X)) isinvertible if and only if ¢ is not proper. Now let S be a subalgebra
of the R-algebra R(({X)) with the catenation product. S is said to be rationally closed
when every invertible ¢ € S has ¢! € S (or equivalently, every proper ¢’ € S has
(c')* € S). The rational closure of any subset E C R{{X)) is the smallest rationally
closed subalgebra of R({X)) containing E.

Definition 2 A series ¢ € R((X)) is rational if it belongs to the rational closure of
R(X).

Rational series have appeared in a number of different contexts including automata
theory [26], control theory [17], formal language theory [25], and polylogarithms
[20]. The monograph [2] provides a concise introduction to the area. Of particu-
lar importance is an alternative characterization of rationality using the following
concept.

Definition 3 A linear representation of a series ¢ € R{{X)) is any triple (u, y, A),
where
/l» . X* — RnXﬂ

is a monoid morphism, and the vectors y, AT e R™! are such that each coefficient

(c;m) =Au(my, Vne X"
The integer n is the dimension of the representation.

Definition 4 A series ¢ € R((X)) is called recognizable if it has a linear represen-
tation.

Theorem 1 [26] A formal power series is rational if and only if it is recognizable.

Returning to (13), Chen—Fliess series F, is said to be rational when its generating
series ¢ € R((X)) is rational. The state space realization (7) is said to realize F, on
some admissible input set 7% when (7a) has a well defined solution, z(¢), on the
interval [#y, fo + T'] for every T > O with input u € %/ and output

y(t) = Felul(t) = C(z(n)), 1€l 00+ T]

Identify with any linear representation (u, y, A) of the series ¢ € R{(X)) the bilinear
system
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(No, N1, zo, €) == (u(xo), u(x1), ¥, ).
The following result is well known.

Theorem 2 [17, 18] The statements below are equivalent for a given ¢ € R{{X)):

i (u,y,A\)isalinear representation of c.
ii The bilinear system (No, Ny, zo, C) realizes F. on the extended space Ly (o)
foranyp > 1.

3 Evaluating Periodic Multiple Polylogarithms

It is first necessary to associate a periodic MPL and its generating function to a
rational series. Elements of this idea have appeared in numerous places. The approach
taken here is most closely related to the one presented in [21]. The next step is
then to find the bilinear realization of the rational Chen—Fliess series in terms of its
linear representation (see Theorem 4). The case when non-periodic components are
present works similarly but is slightly more complicated (see Theorem 5). Recall
that throughout m = 1, so that the underlying alphabet is X := {xq, x;}.

3.1 Periodic Multiple Polylogarithms

Given any admissible vector s € N/, there is an associated word ns € xoX*x; of
length |s|

= x50 ek g x0T
Ns = Xy 140 1 0 1

In which case, ¢s := (0¥In9)* =), (6%1n5)" is a rational series satisfying the
identity
1+ (0"ng)es = cs. (15)

The idea is to now relate the generating function of the sequence (Lig)» (7)),~0 to the
Chen-Fliess series with generating series ¢;. Recall that for any word x;&’ € X* the
iterated integral is defined inductively by

EwM@=/W@&MWW%
0

where x; € X, &’ € X*. Assume here that the letters xy and x; correspond to the inputs
uop(t) :=1/tandu,(¢t) := 1/(1 — t),respectively, and Ey := 1. For the formal power
series ¢s € R((X)), the corresponding Chen—Fliess series is then taken to be
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Felul = (cs, ) Eelul.

EeX*
Comparing this to the classical definition (13), the factor 1/¢ can be extracted from

up and u; so that each integral can be viewed instead as integration with respect to
the Haar measure. That is,

r_ dt
Exié’[u](t)Z/ ui(f)Es'[M](T)?,
0

where io(t) := 1 and i1 (t) = tu;(t). The following theorem is central to the paper.
Theorem 3 For any admissible vector s € N,

Z(t,0) = F[Ligl(r), 1 €][0,1),

where Lig(t) :=t/(1 —t), and the defining series for F.[Lig](t) converges abso-
lutely for any fixed t € [0, 1) provided 0 € R is sufficiently small.

Proof First observe that since ¢s = Y, (6"n;)", it follows directly that

Fe [ul(t) = Z F(g\slns)“ [ul(®) = Z En;’ [u](?) (Q\SI)" )
n=0 n=0

Comparing this against the definition
o0
Z(1,6) =Y Lign(@) (6M)",
n=0

it is evident that one only needs to verify the identity
Eyn[Lig)(#) = Lign (), n > 0. (16)

But this is clear from (2), i.e., for any admissible vector s € N

Lig(r) = / ui (2)Lig (v) d,
0

where ny = x;ny,

=
[ S
:7.1—1,

~|=

Mi(f)={

and Lig(¢) = 1 [32]. Therefore, it follows directly that Lis(t) = E,, [Lio](¢), from
which (16) also follows. To prove the convergence claim, it is sufficient to consider
the special case where g = xg‘ _lxl so that ¢y = (6" x(‘;‘ _lxl)*. The general case then
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follows similarly. Clearly, for any ¢ € [0, 1)

1 2, ik
E. [Lig]#,0) =In{ — | = —.
[Lio](z, 0) “(1_z) 27
k=1
Hence, for any s; > 1
E -1, [Liol(r, 0) = ; 2 = Lien () < o0,
and similarly, for any n > 1
& thitkottky
E, - \[Lig](¢,0) = 5 .
(5 "1) (Lol 0 ki kzZ.:k ki ko) (ke kg e k)

The convergence claim for the series
o0
Flgn s [Liol1) = ZO Efgot,y Linlt, 00

can be verified by the ratio test. Observe

E( o1 )m [Lio](z, 0) |05+ *+D
X0 X1

E (1, Lol 061"

Zoo Rtk etk
kikasokner=1 kY (kg ko)t (kg o)L

|6]"

Zoo k1 +Fkn
ki.ka,....k,=1 kil (k1 4ko)S1 - (ky ko +--+ky )1

0 Zoo thath3 btk g
_ 17 Lk ks.ekinin =1 GiHha)*T (KiHha K3) 1 (ki Hha kg 1)) o]
= o

Zoo thotkz oty

k=11 ko kseesn i1 =1 BT (kytka) 1 ok Hha+ kg 1)°1
M N

< Li, 10",

so that ratio is less than one when |6] < (1/Li,)(t))"/*1. O

The key idea now is to apply Theorem 2 and the rational nature of the series cg in
order to build a bilinear realization of the mapping u +— y = F, [u] (see [23, 24])
so that .Z(¢, 6) can be evaluated by numerical simulation of a dynamical system. In
principle, one could attempt to ensure that any such realization is minimal in dimen-
sion or even canonical in some sense [7, 9, 11, 27]. There is also the potential for
lower dimensional realizations to exist if systems other than bilinear realizations are
considered. But in the present context these issues are not really essential. In addition,
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the realizations considered here are in the same general class as those described in [8,
20] for realizing classes of hypergeometric functions and polylogarithms using ratio-
nal generating series. But in this work they are customized specifically for periodic
multiple polylogarithms.

Theorem 4 For any admissible s e N/, %,(t,0) = F. [Liol(t) has the bilinear
realization

(No. N1 20, C) := (i(x0), p(x1), ¥, 1),

where

No = diag(No(s1), No(s2), - - ., No(s1)) (17a)
Ny = I — No + 6"egel (17b)

Is|
with Ny(s;) € R5*% and IIJsr‘ € RSS! being matrices of zeros except for a super
diagonal of ones, e; is an elementary vector with a one in the i-th position, and
_ T __ Is|x1
20 = Cc' = e| € R .

Proof First recall Definition 1 describing the left-shift operator on X*, i.e., for any
x;i € X, xfl () is defined by xfl (x;n) = nwithn € X* and zero otherwise. In which
case, (x;&)"1() = S“xi_l (-) for any & € X*. Now assign the first state of the real-
ization to be

21(t) = Fe [ul@®) = 1+ Fgsipye, [ul@).

In light of the integral representation (2) of MPLs, differentiate z; exactly s; times
so that the input u; (¢) := u,(¢)/t appears. Assign a new state at each step along the
way. Specifically,

. 1 1
21(1) = ?Fglslxo-‘(ns)cs[u](t) = ZZ(I)?

. 1 1
Zg—1(1) = ;Felsuxgl“)—l(,,s)cs[“](t) = sy (t);

1 1
(D) = (0 2 Fy [ul(t) =2 25 11 (it (1)

0 xl)il(’]s)cs

This produces the first s; rows of the matrices in (17) since when / > 1
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z1(t) z1(2)
. . 1
: =1 : Z
islfl(l‘) sy x(s1+1) Z, (l) t
25, (1) T +1 (@) (1)
z1(1) z1(t)
: 1 : _ 1
= [ No(s1)| 0] Z‘Y].(t) o+ [0 es ] ZS].(I) ul(t);.
Zs41(1) Zs+1(1)

Both [No(s1)| O] and [Osl | es, ] denote matrices in R®*®1+D)  The pattern is exactly
repeated until the final state, then the periodicity of c¢s comes into play. Namely,

1 1
2 (1) = 9‘3'ﬁ1<t>;F<ns>—l<ns>cs [u] (1) =: e'S'mr)ﬁl(r);,

which gives the final rows of Ny and N; in (17). O

It is worth pointing out that the validity of (6) is obvious in the present setting.
Namely, (6) follows from the fact that (15) implies ng Y(cs) — 0 = 0, and thus,
Theorem 3 gives

(Ps = 615 24(1,0) = (P — 0") Fe [Lio)(1) = F\ 1 (s [Li0](1) = Fo,[Liol(r) = 0.

3.2 Periodic Multiple Polylogarithms with Non-periodic
Components

The non-periodic case requires a generalization of the basic set-up. The following
lemma links this class of generating functions to the corresponding set of rational
Fliess operators.

Lemma 1 For any admissible s := (s,, {Sp}, S¢)
Zi(t,0) = F.[Ligl(#), t€[0,1), 0 €R,
where cs := 1, (els”l’?sb)* Ns, -

Proof Similar to the periodic case, cs = Y, 71s, (0"*!n5,)" 5., and therefore,

FCS [u](t) = Z F’lsa (elsblﬂsb)n'hc [M](t) = Z E'?sH 77;"1, Nsc [l/l](l) (Q‘Sbl)n .
n=0

n=0
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The same argument used for proving (16) now shows that £, " s [Lip](r) = Lis, (¢),
n > 0. In which case, F, [Lig](t) = Z(t, 0) as claimed. (I

The required generalization of Theorem 4 is a bit more complicated. A simple
example is given first to motivate the general approach.

Example 1 Consider the periodic MPL with non-periodic components specified by
s = (2, 1, {2}, 3) as appearing in (11). In this case, cs = ano xoxlz(ezxoxl)”xgxl =
xoxle, where ¢ = xgxl + 6%xpx; €. Assign the first state of the realization to be

21(1) = Fo[ul(t) = Fyaclul@).

The strategy here is to differentiate z; exactly |’7s[, = |x0x12| = 3 times, assigning
new states along the way, in order to remove the prefix xoxl2 and isolate ¢. At which
point, the identity ¢ = xéxl + 02x0x, ¢ is used and the process is continued. This will
yield a certain block diagonal structure for Ny and an upper triangular form for N;.
As will be shown shortly, this structure is completely general but possibly redundant.
Specifically,

1 1
41(0) =~ Felul0) = 220
1 1
(1) = ;ﬁl(t)Fxlé[u](t) =: Z3(t)b_t1(f);
1 1 1
3() = T O Felul(t) = 2 (O F g el (1) =2 240 (1) =
1 1
() = 7 Fronpornelul(t) = zs(0) —
. 1 6% _ 1 2 |
(1) = —Fo lul () + — i () Felul(t) =: z6(t) = + 0°z4()inr (1)
1
Z6(1) = ur(r)—.
t
The corresponding realization at this point has the form

2 =Noziig + Nizity + Byity, z(0) = %o

y =Cz,
which does not have the form of a bilinear realization as defined in (7) since the
state equation for z¢ does not depend on z, and thus, the term Bju; with B; = ¢q

appears. Nevertheless, a permutation of the canonical embedding of Brockett (see
[7, Theorem 1]), namely,

No 0 Ny B Z cr
No=[0°o] N1=[Ol 01], Z()=[Z]O] CT=[O], (18)
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renders an input-output equivalent bilinear realization of the desired form, albeit at
the cost of increasing the dimension of the system by one. In this case,

r010[/000]07 [000]0 0007 17 M1
000[{000/0 0010000 0 0
000(000/0 000|100[0 0 0
No=|ooolo10lo|, Ny=]000[000/0|, z)=|0]|, cT=]0
000[{001]0 000/6200]0 0 0
000(000/0 000/000]1 0 0
L000[000]|0 1 000[0 00]0 | 1] 1 0]
Theorem 5 Consider any admissible s :== (Sq, {Sp}, Sc) with ns, == xi, -+ x;,, k =

Jis.» and |sc| > 0. Then Z(t,0) = F.[Liogl(t) has the bilinear realization
(No, N1, zo, C), where
— di _ Nl(sa) Els,,ll
No = diag(No(s0). No(sp. 500, 0), Ny _[ & B

with Ni(s,) € RSS! being a matrix of zeros and ones depending only on's,, Ejs,1
is the elementary matrix with a one in position (|s,|, 1), and N;(sp, S;) € RS>
is a matrix of zeros, ones, and the entry 0'%!. (Its dimension sy. and exact structure

depend only on s, and s...) Finally, 7o = e] + ejs,|15,, € RUISIT9)>1 qpd C = ¢; €
RIX(1Sal+550).

Proof Following Example 1, assign the first state of the realization to be
21(t) = Fo [ul(t) = Fy, alul@),

where ¢ :=ns, + 6 Ins, | ns,C, and differentiate z; until the series ¢ appears in isolation.
Observe

: 1 1
G = Y (0 Fo g elul0) = e] 20, (0
i=0

So the first row of N, is e2T , where x;, is the first letter of 7, and the first row of the
other realization matrix contains all zeroes. Continuing in this way,

1
2() = Zﬁim%F gyl 0) =t el 20t (r)}.

S
i=0

Since in general x;, = x;, the k-th row of N, is ekT+l, and the k-th row of the N,
contains all zeroes. So far, this is in agreement with the proposed structure of the
realization. Next observe that
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1

1
Gt (1) = Y (0 Fooi o ul(@)

i=0

L L

=3 05 (0) Fyoip [ul(0) + > i (0 Fetgy 0 u1(0)

i=0 —_— j=0 —_—
=:Zk42(1) =:Zk+3(1)

In this way, new states are created until finally the term Fz[u](#) = z;(¢) reappears
as it must. This produces an entry 6! in N| and preserves the proposed structures
of Ny and N;. But note, as in Example 1, that the process can continue to create
new states, and the state z;4(¢) could reappear if 75, is a power of 7;,, a possibility
that has not been excluded. In addition, this realization could produce copies of the
the first k states if 7, contains 7, as a factor. These copies will still preserve the
desired structure, but this possibility points out that in general the final realization
constructed by this process may not be minimal. Finally, the canonical embedding
(18), which is always needed if |s.| > 0, yields the final elements of the proposed
structure. O

Clearly, when non-periodic components are present, giving a precise general form
of the matrices Ny and N, is not as simple as in the purely periodic case.

3.3 The Dendriform Setting

It is shown in this section that the generating function .%(¢, 6) defined in (3), more
precisely its 7-derivative, is a solution of a higher-order linear dendriform equation
in the sense of [15]. The case with non-periodic components can also be considered
from that perspective. This provides a purely algebraic setting for the problem and
also motivates an interesting generalization in the context of the theory of linear
dendriform equations.

Recall that MPLs satisfy shuffle product identities, which are derived from inte-
gration by parts for the iterated integrals in (2). For instance,

Li(z) (I)Li(z) (t) = 4Li(3, 1) (t) + 2Li(2y2) (f)

In slightly more abstract terms this can be formulated using the notion of a dendriform
algebra. The reader is referred to [15] for full details. Examples of dendriform alge-
bras include the shuffle algebra as well as associative Rota—Baxter algebras. Indeed,
for any 7y < t, the space L j,.[?0, t) is naturally endowed with such a structure
consisting of two products:

f>=g=1(f)g (19a)
f=<g:=7rIg), (19b)
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where [ is the Riemann integral operator defined by 7 (f)(z, ty) := fz:) f(s)ds—a
Rota—-Baxter map of weight zero. It is easily seen to satisfy the axioms of a dendriform
algebra

f>@>=h=(f*xg) »h
(f~8)<h=f>(g=<h)
(f<g <h=f<(gxh),

where
frxg=f»g+f=<g

is an associative product. The example (19) above moreover verifies the extra com-
mutativity property f > g = g < f, making it acommutative dendriform or Zinbiel
algebra’

(f<@<h=f<(@g<h+h=<g).

This is another way of saying that Chen’s iterated integrals define a shuffle product,
which gives rise to the shuffle algebra of MPLs. For more details, including a link
between general, i.e., not necessarily commutative, dendriform algebras and Fliess
operators, see [13-15].

In the following, the focus is on the commutative dendriform algebra (C[#, 1),
>, <), where C[t, t;) stands for the linear subspace of continuous (hence locally
integrable!) functions on [#y, #;). The linear operator R; : Clty, t1) = Cltp, 1) 1s
defined for g € Cl[to, #;) by right multiplication using (19a)

RI(f) = f > g.

Now add the distribution § = §,, to the dendriform algebra C[#, t;). In view of
the identity /(8) = 1 on the interval [fy, ], it follows that RJT &=5>f=f
for any f € C[to, t;). Consider next the specific functions uy(¢#) = 1/¢ and u,(¢) =
1/(1 — t) which appeared above (with#y = 0 and #; = 1 here), and the corresponding

linear operators R; and R;; . Although u is notlocally integrable on [0, 1), the space
si—1 S

Clt, 1) is invariant under R;O. Forany word w = x' ™ x1 - - xg _lxl € x0X*xq, the
linear operator R, is defined as the composition of the linear operators associated to
its letters, namely,

> )Sl -1 R™

_ si—1
Rv: - (Ruo TR (Rl:()) ! R;]

for w=w; ---wy = x5’ 'x; ---x3 " 'x;. Using the shorthand notation R, = R

S
with s = (s1, ..., 5;), the multiple polylogarithm Lig obviously satisfies

3The space of continuous maps on [#y, #] with values in the algebra ./, (R) is also a dendriform
algebra, with < and > defined the same way. But it is Zinbiel only forn = 1.
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d . N
 Lis=R7(9). 1)

From (21) it follows immediately that

oo

d
—(1,0) = Y 0(R) (@),
dt prd
which in turn yields
d d
—L(t,0) =8 + 08 R (—ZL(1,0)). 22
SL,0) =5+ MR (5-40.0)) @2

Equation (22) is a dendriform equation of degree (|s|, 0) in the sense of [15, Sec-
tion7]. The general form of the latter is

Is] q

X =ap+ Y 09) (- (X =ag) = ag ) > ag (23)
q=1 j=1

withag := 8,a,; = 0forg < |s| and a); := W;, matching the notations of equation
(46) in Ref. [15]. The general solution X of (23) is the first coefficient of a vector Y of
length |s| whose coefficients (discarding the first one) are given by 6/ R;],“Wj (X) for
j=1,...,|s| — 1. This vector satisfies the following matrix dendriform equation
of degree (1, 0):
Y=(,0,...,004+6Y =N, (24)
——

Is|—1

where the matrix* N is given by:

0 00 0
0 0 0 0
0003 0
N = :
000 0 Wy
(W 00 0 - 0

First, observe that the |s|-fold product (--- (N > N) > ---) > N yields a diagonal
matrix with the entry % Lig(¢) in the position (1, 1). Second, matrix N splits into
N = Nouo + Nyu; with Ny, N; as in (17). Equation (24) essentially corresponds to
the integral equation deduced from (7) giving the state z(¢).

4The size of the matrix can be reduced from 1 + [s|(|s| — 1)/2 to |s| by eliminating rows and
columns of zeroes due to the particular form of (22) compared to equation (46) in [15].
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The case with non-periodic components can also be handled in this setting. Observe

d . (d
E'fsu{sb}sc = Rsl, (Eiﬂ{sb}&) ’

and the term X' = dd—t.flsb}s(_ satisfies the dendriform equation
X' =R (8) +0™IR; (X"). (25)

Equation (25) is again a dendriform equation of degree (|s;|, 0) with agy = Rsi %),
aqyj = 0for g < |sp| and a5, ; = w; using the notation in [15]. The general solution
X' of (25) is the first coefficient of a vector Y’ of length [s,| whose coefficients
(discarding the first one) are given by GjR;I,,,WI_ (X' for j =1,...,|sp| — 1. This
vector satisfies the following matrix dendriform equation of degree (1, 0)

Y = (R;(8),0,...,0)+0Y" > M,
< N’

[sp]—1
where the matrix M’ is given by:
0 W 0 0 0
0 0w 0 - 0
0 0 0 ws- 0

0 0 0 0 -
(W5 0 0 0 -« 0

One can ask the question whether the term X = j—l.i”sa[sb 5. itself is a solution of a

dendriform equation. In fact, a closer look reveals that the theory of linear dendriform
equations presented in [15] has not been sufficiently developed to embrace this more
complex setting. In the light of Theorem 3, it is clear that the results in [15] should be
adapted in order to address this question. Such a step, however, is beyond the scope
of this paper and will thus be postponed to another work. It is worth mentioning that
the matrix N needed in the linear dendriform equation

Y =(0,8,0,0,0,0,0) +0Y' = N

to match the result from Example 1 has the form
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0000000
00 00 00
000# 0 00
N=[000 0w 0 0|,
000 0 0 0
000 0 i 0 s
#5700 0 0 0 0

which reflects the canonical embedding of Brockett. The first component of the vector
Y’ contains the solution. As indicated earlier, a proper derivation of this result in the
context of general dendriform algebras, i.e., extending the results in [15], lies outside
the scope of the present paper.

4 Examples

In this section, three examples of the method described above are given corresponding
to the generating functions behind the identities (5), (8), and (10).

Example 2 Consider the generating function Z»)(¢, 6). This example is simple
enough that a bilinear realization can be identified directly from (4). For any fixed 0
define the first state variable to be z;(t) = £ (t, 8), and the second state variable
to be zo(t) = t d.Lp)(t, 0)/dt. In which case,

1
21(1) = Zz(l);, z1(0) =1 (26a)
2(t) = 92Z1(I)IL_I ; 2(0)=0 (26b)
y(@) = z1(0). (26¢)

Thereupon, system (26) assumes the form of a bilinear system as given by (17),
where the inputs are set to be ug(#) = 1 and u;(#) = Lig(t) = ¢/(1 — 1), i.e.,

M=t =[ 00| m=ma =] 20 ] w0 == []

(recall the 1/t factors in (26) are absorbed into Haar integrators). A simulation di-
agram for this realization suitable for MatLab’s Simulink simulation software is
shown Fig. 1. Setting & = 1 and using Simulink’s default integration routine ode45
(Dormand-Prince method [12]) with a variable step size lower bounded by 1078,
Fig.2 was generated showing Z{»)(f, 1) = Fy,x,)+[Lio](¢) as a function of ¢. In par-
ticular, it was found numerically that %, (1, 1) & 3.6695, which compares favorably
to the theoretical value derived from (5):
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| [ A
Li, >y

02

v

Haar integrator Haar integrator

Fig. 1 Unity feedback system realizing .#(2)(z, 1)
Fig. 2 Plot of Z)(t, 1) 4r

versus ¢
/

25

— Lt 1)

- sinh(r)/m

I 1 L I I 1 L ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

= =, gl sinh(7r)
Lo, 1) =) (2" = — = =3.6761.
T T

Better estimates can be found by more carefully addressing the singularities at the
boundary conditions = 0 and ¢ = 1 in the Haar integrators.

Example 3 1In order to validate (8), the identity (9) is checked numerically. Since the
generating functions %) and %3 ) are periodic, Theorem 4 applies. For s = (4)
the corresponding bilinear realization is

0100 0000 1
3 o010 3 10000 s _|o
0000 64000 0

For s = (3, 1) the bilinear realization is

No , z(0)=cCT =

SO O
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Fig. 3 Plot of

Ly (t,0) — ZL3.1)(t, V/20)
versus ¢ for different values

of 6

0.8

0.6

0.4

-0.8
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These two dynamical systems were simulated using Haar integrators in Simulink and
the difference (9) was computed as a function of 7 as shown in Fig. 3. As expected, this
difference is very close to zero when ¢ = 1 no matter how the parameter 6 is selected.
This is pretty convincing numerical evidence supporting (8), which as discussed in
the introduction is known to be true.

Example 4 Now the method is applied to the generating functions behind the Hoff-
man conjecture (10). In this case, each multiple polylogarithm has non-periodic
components, so Theorem 5 has to be applied three times. The realization for
Zo.1,12),3 (t, 0) was presented in Example 1. Following a similar approach, the
realization for Z{j2)2,2,2) (¢, 0) and Z{j2).3,3) (¢, 0) are, respectively,

(01
00

0000
0000

00
No=100
00
00

0100
0000
0001
0000

100
and

(01
00

0000

0000
1000

S|loocoCc oo O

00
No=100
00
00

0000
0010
0001
0000

100

0000

S|loococo|o O

, N1

>
© &

0000
1000

0000
0010
0000
0000

(=} Felle e Nl

>
© &

[« e eloNelleoNe]

0000

0000
0000

=3 N ool =]

0100
0000
0000
0000

o|looc oo

o|locoocoo|oc o

0000

(=3 N eloNel =]

,2(0) =

, 2(0) =

—|lococo|lo~

—|locoococo|o~

Slococo|lo =~

Sloococo|o~
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Fig. 4 Plot of 03
L2222, 0) +
2Z421.3.3 (. 0) — 025 |

.,%’(2’1,{2).3) (t, 0) versus t for

different values of 0 02k

0.15 -

0.1 F

0.05 -

These dynamical systems were simulated to estimate numerically the left-hand
side of (11) as shown in Fig.4. As in the previous example, the case where t = 1
is of primary interest. This value is again very close to zero for every choice of 0
tested. It is highly likely therefore that the Hoffman conjecture is true.

5 Conclusions

A systematic way was given to numerically evaluate the generating function of peri-
odic multiple polylogarithm using Chen—Fliess series with rational generating series.
The method involved mapping the corresponding Chen—Fliess series to a bilinear
dynamical system, which could then be simulated numerically using Haar integra-
tion. A standard form for such a realization was given, and the method was generalized
to the case where the multiple polylogarithm could have non-periodic components.
The method was also described in the setting of dendriform algebras. Finally, the
technique was used to numerically validate the Hoffman conjecture.
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